Introduction
Introduction of antisense transcripts into cells or whole organisms, either by microinjection or by transformation with appropriate gene constructs, has been widely used to interfere with endogenous gene expression. This has not only provided insights into the function of specific genes but also had an enormous impact on applied aspects especially in plants [ 11. The molecular mechanisms by which antisense RNA exhibits its effects have been subject to extensive speculation but conclusive experimental data are very limited. Little attention has been drawn to the fact that cells and organisms respond to artificially introduced antisense RNA in a highly organized manner. There is no pleiotropic stress or defense response as one might expect, but rather a well defined regulatory apparatus is initiated. This is even more surprising since antisense constructs, as they are used in the laboratory, are certainly not a frequent challenge in the wild. We therefore propose that antisense technology makes use of a molecular machinery which serves as an endogenous, post-transcriptional regulatory system.
We will describe several applications of antisense transformation which have been successfully employed in Dictyosteliurn. We will then present an example for a regulatory endogenous antisense transcript and discuss the possible mechanisms involved in antisense mediated regulation of gene expression.
Antisense mutagenesis by transformation
One of the first stable antisense transformations into a whole organism was done with a partially inverted construct of the discoidin I gamma gene in Dictyosteliurn [2] . This experiment was chosen: (1) to examine the general feasibility of the antisense approach to Dictyosteliurn, (2) to see if a small multiAbbreviation used: dsKNase, double strand specific ribonuclease.
'To whom correspondence should be addressed. gene family could be inactivated by 'anti-sensing' the (conserved) part from one family member with a multicopy transformation vector, ( 3 ) to see if the proposed phenotype of a discoidin-less mutant could be detected [ 31.
The experiment showed that the endogenous mRNA of all discoidin I family members was largely reduced, discoidin protein was expressed at 10% or less of wild-type levels, and the transformed cells showed the discoidin minus phenotype, i.e. they could not organize streams to aggregation centres. We also noted, that transcription of the endogenous genes (as determined by run on assays) was not altered [2] .
The data demonstrated that antisense tech- 
Design of new modes of gene regulation
Regulated expression of genes introduced by transformation depends on the availability of promoters which exhibit the desired pattern of regulation, or on inducible promoters which require exogenous induction. The following experiment gives an example for the design of a new regulation pattern in transformants using two different promoters and sense-antisense interaction. One construct contained a truncated alpha actinin gene coding region with a short (48 bp) in-frame tag (SVE) derived from the Sendai virus I,-protein [ 8 ] . This fusion was controlled by the almost constitutively expressed actin6 promoter. The other construct was the gp24 gene [9] with an insertion of the same tag in antisense orientation. The gp24 promoter is essentially turned off in vegetative cells and is induced in early development. Co-transformation of both vectors into Dictyostelium cells would therefore allow sense-antisense interactions via the SVE tag only in developing cells. As expected, the amount of the tagged alpha actinin protein (as visualized by an antibody against alpha actinin and an antibody against the SVE) was strongly reduced in developing cells compared with vegetative cells. Thus the combination of a constitutive and a developmentally induced promoter resulted in developmental down regulation of an engineered gene product. The short SVE tag can probably be inserted into most genes without interfering with function of the gene product. One can easily envisage generic antisense constructs with different types of regulation which can be employed to downregulate the expression of engineered proteins of interest under various conditions. In addition, the data show that a sequence as short as 48 nucleotides is sufficient for antisense mediated gene regulation. suited to investigate the regulatory machinery which is probably not only involved in the posttranscriptional control of endogenous genes but also in the effect conferred by introduced antisense constructs.
PSV-A-control of gene expression by endogenous antisense transcripts
The PSV-A gene was first described as a prespore specific gene expressed only in aggregated cells (i.e. in late development) [ 141. Many members of this class of genes are regulated on the post-transcriptional level by differential mRNA stability [ 161. We confirmed this for PSV-A by comparing run-on assays (which showed constitutive transcription) with Northern blot analysis (which demonstrated developmentally regulated mRNA accumulation). We then found that a transcript with the opposite orientation could be detected, whenever the mRNA did not accumulate (i.e. in growing cells and in early development). During late development, Dictyostelium cells can be partially dedifferentiated by mechanical disruption of the cell aggregates. In doing so, we observed a rapid destabilization of the accumulated PSV-A mRNA and, simultaneously, an increase in antisense transcripts. We mapped the 5' end of the antisense RNA within the coding region of the gene and located a promoter which induced transcription of the divergent RNA whenever the half life of the sense transcripts was found to be short. Assuming a regulatory function for the antisense RNA, we tested the rate of the accumulated mRNA after the disruption of aggregates in the presence of transcription inhibitors. Daunomycin as well as Nogalamycin prevented the expression of antisense transcripts and, at the same time, led to a stabilization of the mRNA [ 171.
The anti-parallel accumulation of the two divergent transcripts as well as the requirement for transcriptional induction of antisense transcripts to destabilize the mRNA, strongly suggested a degradation process based on RNA-RNA interaction. Upon entry into the multicellular stage, it would be sufficient to inactivate the antisense promoter either by cell-cell contacts or by accumulation of a signal molecule within the aggregates to allow for accumu- lation of the mRNA. Disaggregation would disrupt the contacts, dilute the signal, and result in upregulation of the antisense promoter. Antisense transcripts would mediate destabilization of the mRNA, similar to the situation found in vegetatively growing cells.
It appears, however, that the situation is more complex since there are two exceptions to this scheme: When cells are disaggregated in the presence of CAMP, which serves as an extracellular signal in Dictyostelium, both sense and antisense transcripts accumulate even though no enhanced antisense transcription is observed. We assume that, under these conditions, RNA-RNA hybridization is inhibited. This could be explained by the extended version of the model discussed below.
The second exception is given by a mutant, HM28 
A model for antisense mediated gene regulation
Based on these findings and the data on mRNA degradation in antisense transformants, we propose that in Dictyostelium, antisense transcripts function predominantly by destabilizing the corresponding sense RNA. The most likely explanation is the formation of sense-antisense hybrids. As shown by mutliple antisense transformants and for the PSV-A gene, antisense has to be transcribed in excess probably in order to efficiently drive hybrid formation. Transcriptional regulation of antisense RNA can therefore control differential destabilization of the corresponding sense transcripts [ 4,6, 171. Since hybrids have never been detected in Dictyostelium, we assumed that they were rapidly targeted for degradation by a double strand specific RNase (dsRNase). We have recently identified and partially purified an enzymatic activity from Dictyostelium cytoplasmic extracts which digests dsRNA. In vitro, synthetic RNA hybrids with single stranded loops or overhangs are degraded only in their double stranded regions by Dictyosteliurn dsRNase while single stranded parts remain intact and can be recovered. Our preliminary characterization of the partially purified enzyme indicates that it presents another level of regulation since its activity depends on phosphorylation. Interestingly, a protein kinase which is activated by (double stranded?) RNA has recently been identified in Dictyostelium (T. Winckler and D. Malchow, personal communication) .
The model of hybrid formation and subsequent rapid degradation of double stranded RNA fails to interpret the situation in wild-type cells disaggregated in the presence of CAMP and possibly also in the mutant HM28. Three potential mechanisms could explain these exceptions: (i) dsRNase could be inactivated, (ii) hybrid formation could require an activity which is absent under these conditions, and (iii) hybrid formation could be reversed by an unwindase activity.
As mentioned above, dsRNase has the potential to be differentially regulated by phosphorylation. It remains to be seen if this takes place in viva Multiple activities which promote the formation of RNA hybrids have been described [e.g. 191.
We currently investigate whether such enzymes could control sense-antisense interaction in DkQostelium.
The unwindaseldeaminase activity described by Bass and Weintraub [ 111 has not been detected in Dktyosteliurn [17] , but it is possible that RNA helicases of the DEAD-box family [20] can reverse hybrid formation. In our search for putative components of the antisense mediated regulatory pathway, we have recently identified at least three differentially regulated hypothetical RNA helicases in Dictyostelium. Functional analysis of these enzymes will show whether they contribute to the machinery of antisense mediated RNA stability control.
The scenario which is suggested here (Fig. 1 ) may appear rather complex and uneconomic compared with transcriptional control. It could, however, supply an efficient and rapid system of regulating the stability of mRNAs. In particular, messages encoding abundant proteins are present in large amounts and usually rather stable. Antisense mediated degradation could deplete specific mRNA pools much faster than, for example, a shut down of transcription. The system can also be effectively modulated by the regulatory machinery proposed above. Furthermore, the entire apparatus does not require any sequence specificity and could provide a general destabilization mechanism for many genes, including those targeted by artificial antisense constructs.
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Introduction
LH (luteinizing hormone, lutropin) and its homologue chorionic gonadotropin (CG), play a central role in the control of ovulation, pregnancy and testicular function. They belong to a family of polypeptide trophic hormones which also includes follicle stimulating hormone (FSH) and thyroid stimulating hormone (TSH). An important aspect of the control of their target organs is the dynamic trafficking of their receptors, which, after hormoneinduced activation of their transducing systems, may be followed by uncoupling, internalization and recycling and/or down regulation and new synthesis. This trafficking is especially important for the LH receptor (LHR), which in the testis Leydig cell is a continuous process, whereas in the ovary it is dependent on the stage of the cycle. Very little is known about the mechanisms involved. However, with the recent elucidation of the sequences and structures of these receptors [ 1-71, the mechanisms Abbreviations used: I,H, luteinizing hormone; LHR. luteinizing hormone receptor; CG, chorionic gonadotropin; FSH, follicle stimulating hormone; TSH, thyroid stimulating hormone; I'KA, protein kinase A; I'KC, protein kinase C; AS oligos. antisense oligodeoxynucleotides.
can now be elucidated. W e have used an adaptation of the antisense oligodeoxynucleotide strategy to investigate the roles of the C-terminal sequences of the LHR in these processes.
Structure of the L H receptor
The LHR has been cloned from human and rat ovaries and porcine and murine Leydig cells. Its sequence indicates that it is a member of the 7 transmembrane helix-G protein coupled receptor family [ 1, 2, 71 (Fig. 1) . The LH (and FSII and TSH receptors) differ from other members of this receptor family in having a very large extracellular domain (50-60 kDa), which is the site of the hormone binding [ 1-61. There is also very little homology with the other receptors in the transmembrane domains and the C-terminal sequences which are the sites of binding of the other hormones and the G-proteins [XI. There is approximately 85% homology between the cloned LHRs. A region spanning the 2nd and 3rd transmembrane domains is highly conserved among the LH, FSH and TSH receptors.
Methods of investigating receptor structure-function relationships

